Introduction
Over the last few decades, the aging of transportation infrastructure systems has become an acute societal issue, and rehabilitation and strengthening of existing structures now prevail over new construction. Considering Figure 1 , which shows the number of commissioned bridges per five years in Switzerland, it can be predicted that the need for rehabilitation of bridges that were constructed in the period 1960-1980, with a planned service life of 50 years, will result in the near future in a much higher demand on resources and funding. A similar scenario takes place in most developed countries that developed their infrastructures between the 1960s and the 1980s. Material consumption and environmental issues of construction sites are heavy burdens for society in terms of economy and environment [1] [2] [3] . Thus, developing reliable and more efficient strategies and technologies of construction works are essential in order to meet the needs of the present without compromising the ability of future generations to meet their own needs [4] , which is the concept of sustainable development. Ultra high-performance fiber reinforced concrete (UHPFRC) is a cementitious materials with a very dense matrix, reinforced with discontinuous fibers, which typically have a compressive strength of 150-200 MPa, a tensile strength of 7-15 MPa, a strain hardening domain of 1‰-2‰, and a very low water capillary absorption, typically five times smaller than that of concretes prescribed for severe exposure classes (XD3/XF4). The concept of rehabilitation and strengthening of existing bridges with UHPFRC for the whole service life of the bridge was proposed by Brühwiler in 1999 after the pioneering works of Bache et al. [6] . The basic idea was the efficient use, as an "everlasting winter coat", of a thin UHPFRC overlay in zones of severe mechanical and environmental exposure where the outstanding UHPFRC properties, in terms of durability and strength, could be exploited effectively with the UHPFRC alone or could be associated with rebar for strengthening applications. This idea was successfully implemented for the rehabilitation and strengthening of road and railway infrastructures, as well as buildings, for over 15 years and was extended to marine structures by Denarié [7] [8] [9] .
Starting in 2007, Denarié et al. [10] developed, for the first time, Eco-UHPFRC mixes with the extensive use of limestone filler in place of clinker. These tensile strain hardening UHPFRC mixes were applied successfully at an industrial scale, first to the rehabilitation of the Log Čezsoški bridge in Slovenia [11] (mix based mostly on local components), and later in Switzerland (also mostly using local components) for numerous rehabilitation sites, including thixotropic mixes applicable on slopes up to 12% [12] .
Habert et al. [13] performed a life cycle analysis of the Log Čezsoški application in Slovenia, highlighting the significant improvements brought by low clinker mixes to the reduction of the global warming potential (GWP). Rehabilitation methods using UHPFRC already decrease the environmental impact of construction sites by up to 50% [13] and considerably reduce the construction time compared to conventional methods. However, there is still potential to improve this method even further and make it more sustainable, focusing on the environmental cost of clinker and fibrous mixes used to achieve a robust strain hardening response. Considering the fact that more than 95% of the environmental impact (GWP and embodied energy) of current UHPFRC is from the steel fibers and clinker contributions (48% and 47%, respectively for GWP) [14, 15] , replacing the steel fibers with synthetic ones while also replacing clinker with Supplementary Cementitious Materials (SCM), can significantly reduce the environmental costs of this material.
Polyethylene (PE)-UHPFRC is a newly developed UHPFRC mix in which the steel fibers are replaced with ultra-high molecular weight polyethylene (UHMW-PE) ones, and 50% of the clinker is replaced with limestone fillers [16] . The high tensile elastic limit above 7 MPa, the tensile strength of more than 10 MPa, and the tensile deformation capacity of more than 3.5% make PE-UHPFRC well adapted for structural applications. This newly developed material has the potential to strongly decrease the environmental impact of the UHPFRC rehabilitation/strengthening method. Additionally, the dead weight of PE fiber based UHPFRC mixes is significantly reduced compared Ultra high-performance fiber reinforced concrete (UHPFRC) is a cementitious materials with a very dense matrix, reinforced with discontinuous fibers, which typically have a compressive strength of 150-200 MPa, a tensile strength of 7-15 MPa, a strain hardening domain of 1% -2% , and a very low water capillary absorption, typically five times smaller than that of concretes prescribed for severe exposure classes (XD3/XF4). The concept of rehabilitation and strengthening of existing bridges with UHPFRC for the whole service life of the bridge was proposed by Brühwiler in 1999 after the pioneering works of Bache et al. [6] . The basic idea was the efficient use, as an "everlasting winter coat", of a thin UHPFRC overlay in zones of severe mechanical and environmental exposure where the outstanding UHPFRC properties, in terms of durability and strength, could be exploited effectively with the UHPFRC alone or could be associated with rebar for strengthening applications. This idea was successfully implemented for the rehabilitation and strengthening of road and railway infrastructures, as well as buildings, for over 15 years and was extended to marine structures by Denarié [7] [8] [9] .
Starting in 2007, Denarié et al. [10] developed, for the first time, Eco-UHPFRC mixes with the extensive use of limestone filler in place of clinker. These tensile strain hardening UHPFRC mixes were applied successfully at an industrial scale, first to the rehabilitation of the LogČezsoški bridge in Slovenia [11] (mix based mostly on local components), and later in Switzerland (also mostly using local components) for numerous rehabilitation sites, including thixotropic mixes applicable on slopes up to 12% [12] .
Habert et al. [13] performed a life cycle analysis of the LogČezsoški application in Slovenia, highlighting the significant improvements brought by low clinker mixes to the reduction of the global warming potential (GWP). Rehabilitation methods using UHPFRC already decrease the environmental impact of construction sites by up to 50% [13] and considerably reduce the construction time compared to conventional methods. However, there is still potential to improve this method even further and make it more sustainable, focusing on the environmental cost of clinker and fibrous mixes used to achieve a robust strain hardening response. Considering the fact that more than 95% of the environmental impact (GWP and embodied energy) of current UHPFRC is from the steel fibers and clinker contributions (48% and 47%, respectively for GWP) [14, 15] , replacing the steel fibers with synthetic ones while also replacing clinker with Supplementary Cementitious Materials (SCM), can significantly reduce the environmental costs of this material.
Polyethylene (PE)-UHPFRC is a newly developed UHPFRC mix in which the steel fibers are replaced with ultra-high molecular weight polyethylene (UHMW-PE) ones, and 50% of the clinker is replaced with limestone fillers [16] . The high tensile elastic limit above 7 MPa, the tensile strength of more than 10 MPa, and the tensile deformation capacity of more than 3.5% make PE-UHPFRC well adapted for structural applications. This newly developed material has the potential to strongly Sustainability 2019, 11, 6923 3 of 13 decrease the environmental impact of the UHPFRC rehabilitation/strengthening method. Additionally, the dead weight of PE fiber based UHPFRC mixes is significantly reduced compared to that of conventional UHPFRC that use steel fibers (thanks to the 10 to 20 times reduction in the mass of the fibrous mix for comparable tensile properties).
The present study reports on the properties and advantages of a new strain hardening UHPFRC mix with synthetic PE fibers and reduced clinker content adapted for structural applications, in terms of the consequences on reducing environmental burdens. In the first step, the properties of the material are presented. Secondly, the life cycle assessment (LCA) method [17] [18] [19] [20] is described, explaining the functional unit and the inventory data for this study. Finally, the environmental impact of three types of intervention on an existing bridge, including (1) demolition and reconstruction with post-tensioned reinforced concrete, (2) strengthening with steel fiber UHPFRC combined with rebar, and (3) strengthening with PE-UHPFRC combined with rebar are evaluated in three categories of GWP, cumulative energy demand (CED), and ecological scarcity (UBP).
Mix Design and Properties of PE-UHPFRC
In the newly developed PE-UHPFRC mix, the steel fibers were fully replaced by UHMW-PE ones, and 50% volume of the clinker was replaced by two limestone fillers of different grades (OMYA Betocarb ® -HP SL and Betoflow ® -D). The composition of the mix is given in Table 1 . The fibrous mix consisted of 2% vol. 6 mm long, chopped UHMW-PE fiber type SK 99 from DSM Dyneema ® . Ca(NO 3 ) 2 was added to improve the efficiency of the High-Range Water-Reducing Admixture (HRWRA) in order to decrease its dosage.
Typical properties of PE-UHPFRC are presented in Table 2 . The results are the average of fifteen dumbbell specimens based on [21] for the tensile properties, three cylinders based on [22] for compressive strength, and six specimens based on [23] for the capillary absorption coefficient, all at 28 days. Furthermore, at the fresh state, the air content and the specific weight of the material were 4.5% and 2215 kg/m 3 , respectively, and the flow was 48% after ASTM C1437 [24] , with a final diameter after 25 blows of 150 mm. 
Environmental Evaluation Method

Function Unit and System Boundaries
In this study, the LCA method, based on ISO14040 [25] , was chosen to perform an environmental evaluation and investigate the impact of the newly developed material with respect to other ones. As the alternative materials do not all have similar mechanical and durability properties compared with that of PE-UHPFRC, it was not sufficient to benchmark these materials per unit volume. Thus, different structural solutions with comparable performances in terms of protective function and load carrying capacity were compared and, finally, opportunities to improve the environmental performance of the current techniques were identified. The functional unit was an intervention on the Guillermaux Bridge (restoration or replacement) that was built in 1920/21 in Payerne, Switzerland [26] . The original bridge structure was a massive reinforced concrete arch (span 34 m) with three hinges (at the arch crown and the two abutments) that carried a 6.5 m wide bi-directional roadway and sidewalks (10 m width in total). The Guillermaux Bridge, its arc, and hinges before intervention are shown in Figure 2 .
Young's modulus (Gpa) 42.6 (2.2) Sorptivity (g/m 2 √h) 24 (3) Specific weight (kg/m 3 ) 2215 (22)
Environmental Evaluation Method
Function Unit and System Boundaries
In this study, the LCA method, based on ISO14040 [25] , was chosen to perform an environmental evaluation and investigate the impact of the newly developed material with respect to other ones. As the alternative materials do not all have similar mechanical and durability properties compared with that of PE-UHPFRC, it was not sufficient to benchmark these materials per unit volume. Thus, different structural solutions with comparable performances in terms of protective function and load carrying capacity were compared and, finally, opportunities to improve the environmental performance of the current techniques were identified. The functional unit was an intervention on the Guillermaux Bridge (restoration or replacement) that was built in 1920/21 in Payerne, Switzerland [26] . The original bridge structure was a massive reinforced concrete arch (span 34 m) with three hinges (at the arch crown and the two abutments) that carried a 6.5 m wide bi-directional roadway and sidewalks (10 m width in total). The Guillermaux Bridge, its arc, and hinges before intervention are shown in Figure 2 . As the surface of the bridge was never protected with waterproofing, the concrete of the bridge structure showed signs of water infiltration, leachates, and corrosion. The requirement of utilization after the restoration was unrestricted road traffic (after SIA 269/1 load models) including specially authorized exceptionally heavy vehicles. The environmental impact of three different methods that provide the same functions was compared:
(1) Method 1 involves demolition of the existing structure and construction of a new post-tensioned reinforced concrete (P-RC) bridge. For this scenario, the design from [27] of a new bridge with multiple T-section post-tensioned girders is used, with the span and width corresponding to the existing structure in which the requirements for the clearance to the water level of the river below are fulfilled. It is assumed that ready-mixed concrete will be transported and placed on site for construction of the bridge. Figure 3 shows the cross-section of the new structure [27] . As the surface of the bridge was never protected with waterproofing, the concrete of the bridge structure showed signs of water infiltration, leachates, and corrosion. The requirement of utilization after the restoration was unrestricted road traffic (after SIA 269/1 load models) including specially authorized exceptionally heavy vehicles. The environmental impact of three different methods that provide the same functions was compared:
(1) Method 1 involves demolition of the existing structure and construction of a new post-tensioned reinforced concrete (P-RC) bridge. For this scenario, the design from [27] of a new bridge with multiple T-section post-tensioned girders is used, with the span and width corresponding to the existing structure in which the requirements for the clearance to the water level of the river below are fulfilled. It is assumed that ready-mixed concrete will be transported and placed on site for construction of the bridge. Figure 3 shows the cross-section of the new structure [27] . (2) Method 2 involves strengthening the existing bridge with the help of steel fiber UHPFRC (S-UHPFRC) with rebar. In this method, a 40 mm thick layer of reinforced UHPFRC is cast over the entire length of the bridge's top surface and on the deck and internal faces of curbs, and is fixed at both extremities by new transition slabs anchored in the ground in order to provide an Reinforced UHPFRC (R-UHPFRC) tensile membrane. Furthermore, the hinge at the arch crown (2) Method 2 involves strengthening the existing bridge with the help of steel fiber UHPFRC (S-UHPFRC) with rebar. In this method, a 40 mm thick layer of reinforced UHPFRC is cast over the entire length of the bridge's top surface and on the deck and internal faces of curbs, and is fixed at both extremities by new transition slabs anchored in the ground in order to provide an Reinforced UHPFRC (R-UHPFRC) tensile membrane. Furthermore, the hinge at the arch crown is locked using reinforced concrete so as to allow for bending resistance. Figure 4 depicts the details of this method. The new static system is based on: (1) A locking central hinge and (2) a tensile ribbon with R-UHPFRC anchored in the transition slabs of the abutments. The UHPFRC and the rebar carry the traffic loads together after the intervention, and the design stress in the UHPFRC at ultimate limit state (ULS) is 7.6 MPa. (2) Method 2 involves strengthening the existing bridge with the help of steel fiber UHPFRC (S-UHPFRC) with rebar. In this method, a 40 mm thick layer of reinforced UHPFRC is cast over the entire length of the bridge's top surface and on the deck and internal faces of curbs, and is fixed at both extremities by new transition slabs anchored in the ground in order to provide an Reinforced UHPFRC (R-UHPFRC) tensile membrane. Furthermore, the hinge at the arch crown is locked using reinforced concrete so as to allow for bending resistance. Figure 4 depicts the details of this method. The new static system is based on: (1) A locking central hinge and (2) a tensile ribbon with R-UHPFRC anchored in the transition slabs of the abutments. The UHPFRC and the rebar carry the traffic loads together after the intervention, and the design stress in the UHPFRC at ultimate limit state (ULS) is 7.6 MPa. The verification of the bridge after the interventions corresponding to strengthening (Methods 2 and 3) shows conformity factors with enough margin to accommodate traffic load models according to the standard applicable for new constructions (type II after SIA 261/1), corresponding to the verification in Method 1 [28] . Figure 5 presents the boundaries of the studied model, which take into account partial/full demolition and disposal of the existing structure as well as material production and transportation for renewal works. The same target service life of 100 years was considered for all methods. For maintenance, the asphalt pavement has to be replaced every 25 years for all methods. Moreover, in the case of Method 1, the waterproofing membrane, deteriorated concrete underneath the waterproofing membrane, and the whole of the curbs have to be changed every 50 years. On the contrary, because of the very low water permeability of UHPFRC, it is possible to avoid the waterproofing membrane in Methods 1 and 2. Furthermore, considering the much higher durability of the UHPFRC methods, no further concrete replacement is assumed to be needed. As the (3) Method 3 is similar to Method 2, but uses PE-UHPFRC instead of S-UHPFRC. The verification of the bridge after the interventions corresponding to strengthening (Methods 2 and 3) shows conformity factors with enough margin to accommodate traffic load models according to the standard applicable for new constructions (type II after SIA 261/1), corresponding to the verification in Method 1 [28] . Figure 5 presents the boundaries of the studied model, which take into account partial/full demolition and disposal of the existing structure as well as material production and transportation for renewal works. The same target service life of 100 years was considered for all methods. For maintenance, the asphalt pavement has to be replaced every 25 years for all methods. Moreover, in the case of Method 1, the waterproofing membrane, deteriorated concrete underneath the waterproofing membrane, and the whole of the curbs have to be changed every 50 years. On the contrary, because of the very low water permeability of UHPFRC, it is possible to avoid the waterproofing membrane in Methods 1 and 2. Furthermore, considering the much higher durability of the UHPFRC methods, no further concrete replacement is assumed to be needed. As the environmental impact of daily traffic does not depend on the construction scenarios and is largely dominant during the service life of a bridge [29] , this effect was not considered when comparing the impact of the three different intervention methods.
The different steps for demolition and reconstruction with P-RC and strengthening with UHPFRC are presented in Tables 3 and 4 , respectively. The transport distances for disposal, formworks, steel rebars, post-tensioning cables, ready-mix concrete, waterproofing membrane, and hot mix asphalt are also given in the same tables. It is assumed that the UHPFRC is prepared on site, using portable mixers. environmental impact of daily traffic does not depend on the construction scenarios and is largely dominant during the service life of a bridge [29] , this effect was not considered when comparing the impact of the three different intervention methods. The different steps for demolition and reconstruction with P-RC and strengthening with UHPFRC are presented in Table 3 and Table 4 , respectively. The transport distances for disposal, formworks, steel rebars, post-tensioning cables, ready-mix concrete, waterproofing membrane, and hot mix asphalt are also given in the same tables. It is assumed that the UHPFRC is prepared on site, using portable mixers. The mix proportions and amounts of concrete and UHPFRC materials that are needed for the different methods, as well as the transport distance of the different components (to ready-mix plant for concrete and to site for UHPFRC), are shown in Table 5 , Table 6 , and Table 7 for the P-RC, S-UHPFRC, and PE-UHPFRC methods, respectively. It should be noted that Method 2 was applied to the bridge deck in 2016 [26] , and the UHPFRC used was the proprietary mix HOLCIM 707 [30] . As an approximation, the recipe of a closely related material of known composition (HIFCOM 13s) was used in this study, with a fiber dosage corresponding to that of HOLCIM H707. Table 8 shows the production location, transport distance, and the transport type of the different components. 
Inventory Data and Impact Assessment
The environmental impact of the different methods was investigated, considering three impact categories, with a time horizon of one hundred years: Global warming potential (GWP 100 ), which is expressed in kg CO 2-eq , cumulative energy demand (CED), which is expressed in MJ, and ecological scarcity (UBP), which is measured in a single weighted indicator by ecopoints and is the contribution of the processes on the overall environmental impacts, including toxicity.
The assessment methods used in this study are harmonized with the methods adopted by Koordinationskonferenz der Bau-und Liegenschaftsorgane der öffentlichen Bauherren (KBOB) [31] , a well-established LCA dataset for construction products in Switzerland. The GWP 100 was assessed using the IPCC 2013 method [32] while the Cumulative Energy Demand 1.09 Method was considered for CED calculation [33] . Finally, the UBP indicator was calculated according to the Ecological Scarcity 2013 Method [34] , an indicator particularly suitable for Switzerland as it employs eco-factors based on Swiss environmental targets and legislation.
Secondary data from Ecoinvent 3 [35] -currently the most reliable database for Swiss unit processes-were assumed for material processes, freight transportation, and energy and waste treatments, and SimaPro 8.5 was used as the software to model the processes [36] . The allocation at the point of substitution was considered as the most representative for process modeling, and data from the library "unit process" were adopted.
The environmental burdens from the production and transportation of components were considered and calculated with the original system boundaries of the Ecoinvent database. All the production processes not included in the Ecoinvent database, namely those for silica fume, HRWRA, steel fibers, and PE fibers, were modeled using secondary data from the literature [13, [37] [38] [39] . As it was shown that the environmental loads from the transportation of the construction equipment to the site would be negligible [27, 40, 41] , this impact was not included in the investigation.
Two criteria were considered to define the system boundaries for product processing. The first considers the 2 nd order calculation depth, which includes materials used for processing, transport, and other operations. The second considers the cut-off method, which defines when a flow is no longer relevant to the system. Thus, by-products such as recycled materials or production residues are outside the system boundaries. All benefits and loads beyond the system boundaries, e.g., recycling potential, energy recovery, etc., were not taken into account. In the end of life (EoL) model, a landfill scenario was assumed for demolished materials. A process for onsite demolition, crushing, and disposal in an inert landfill was assumed for disposing of concrete, while a specific process for a sanitary landfill was assumed for the asphalt and waterproofing membrane.
Results and Discussion
Three different levels of evaluation were investigated. In the first level, only the impact of component production on environmental burdens of the bridge intervention was considered. The second level considered the effect of all the steps that are needed for the intervention on the bridge including the impact of demolition works and transportation of the components and materials. Finally, the third level investigated the environmental impact of the bridge through its lifetime, considering the required maintenance works.
As a first step of the environmental analysis, a comparison based on the impacts of material processing for the interventions was carried out, and the results are shown in Figure 6 . In this figure, the results were normalized based on those for Method 1, and 100% stands for 151.3 t CO 2eq , 1505.8 GJ, and 264.6 MPt in the GWP, CED, and UBP categories, respectively. The reinforcement (steel rebars and tendons), steel fibers, and cement accounted for the highest impact at this scale. In the CED category, the production of the asphalt pavement was responsible for approximately 7% of the overall impact. Figure 7 presents the LCA results of the restoration of the bridge, normalized based on those for Method 1 with P-RC. Considering the whole process of restoration, production of the components has the largest influence on the environmental impact, while transportation is responsible for almost 10% of the total impact. Although it was not considered in this study, in the case of the PE-UHPFRC method, it would be possible to avoid the bituminous pavement and process the PE-UHPFRC surface to achieve an integral pavement with sufficient skid resistance, which could pave the way to additional reductions in the environmental impact. Furthermore, the rebars accounted for approximately 50% of the environmental impact in the PE-UHPFRC method, which indicates the greater potential of this material to decrease even more the environmental impact for rehabilitation applications without reinforcement compared with that of methods using P-RC or S-UHPFRC. Figure 7 presents the LCA results of the restoration of the bridge, normalized based on those for Method 1 with P-RC. Considering the whole process of restoration, production of the components has the largest influence on the environmental impact, while transportation is responsible for almost 10% of the total impact. Figure 8 shows the total environmental impact of the different methods over the lifetime of the bridge (100 years), according to the three different categories of environmental indices. The use of UHPFRC results in a reduced environmental impact of the bridge intervention in all cases. The GWP decreases by 40% and 70% by using S-UHPFRC and PE-UHPFRC, respectively. Furthermore, a similar trend is achieved for CED and UBP. Figure 7 presents the LCA results of the restoration of the bridge, normalized based on those for Method 1 with P-RC. Considering the whole process of restoration, production of the components has the largest influence on the environmental impact, while transportation is responsible for almost 10% of the total impact. Figure 8 shows the total environmental impact of the different methods over the lifetime of the bridge (100 years), according to the three different categories of environmental indices. The use of UHPFRC results in a reduced environmental impact of the bridge intervention in all cases. The GWP decreases by 40% and 70% by using S-UHPFRC and PE-UHPFRC, respectively. Furthermore, a similar trend is achieved for CED and UBP. It should be noted that the environmental effect of traffic deviation during the site works was not accounted for in this study. However, Habert et al. [13] showed that taking traffic deviation into account is beneficial for UHPFRC methods as the duration of site works for a P-RC method is almost three times more than that for a method using UHPFRC.
Conclusions

A novel structural UHPFRC with synthetic fibers was introduced for rehabilitation and strengthening of existing structures. 
The LCA showed a 55% and 29% decrease in the environmental impact of the strengthening method using PE-UHPFRC compared with that of replacement with a new bridge, and of the conventional UHPFRC method for restoration of a 34 m span road bridge, respectively. This highlights the strong potential of PE-UHPFRC in reducing the environmental impact of construction sites.  This reduction will be even more pronounced for rehabilitation applications without rebar (pure protective function of the UHPFRC overlay). 
The reinforcement (steel rebars and tendons), steel fibers, and cement accounted for the highest environmental impact among the material components. 
The production and casting of the asphalt pavement is responsible for approximately 7% of the cumulative energy demand of all methods. The possibility of avoiding the asphalt pavement in the PE-UHPFRC method opens up the possibility of additional reductions in the environmental impact of rehabilitation/strengthening sites and simplification of the associated construction It should be noted that the environmental effect of traffic deviation during the site works was not accounted for in this study. However, Habert et al. [13] showed that taking traffic deviation into account is beneficial for UHPFRC methods as the duration of site works for a P-RC method is almost three times more than that for a method using UHPFRC.
Conclusions
•
A novel structural UHPFRC with synthetic fibers was introduced for rehabilitation and strengthening of existing structures.
The LCA showed a 55% and 29% decrease in the environmental impact of the strengthening method using PE-UHPFRC compared with that of replacement with a new bridge, and of the conventional UHPFRC method for restoration of a 34 m span road bridge, respectively. This highlights the strong potential of PE-UHPFRC in reducing the environmental impact of construction sites. • This reduction will be even more pronounced for rehabilitation applications without rebar (pure protective function of the UHPFRC overlay).
